Understanding reaction processes at the semiconductor/electrolyte interface is critical to developing (photo)electrochemical energy conversion systems. For the water oxidation reaction at a photoanode in a solar water splitting cell, there are multiple reaction steps that produce surface adsorbed reaction intermediates, such as OH • and H 2 O 2 . Little is known about how the reaction intermediate surface concentrations evolve during the water oxidation reaction. Here we use single-molecule fluorescence microscopy to track the time-dependent surface concentration of Ti-OH • species on TiO 2 photoanodes under chopped light illumination. We correlate the reaction intermediate surface concentration with the net rate of photoelectrochemical water oxidation (i.e., the photocurrent). The reaction intermediate dynamics follow different time scales in its temporal evolution from the photocurrent dynamics. By fitting the temporal evolutions of Ti-OH • species and photocurrent over a range of light on/off conditions and applied potentials, we observed that the rate constants for interfacial hole transfer and O-O bond formation depend on the applied potential under illumination. The variation in the rate constants could be attributed to the presence of surface states and/or a change in the chemical nature of Ti-OH • species on the photoanode surface. Our findings provide insight into water oxidation kinetics under intermittent solar irradiation conditions. © The Author Photoelectrochemical water splitting is an attractive approach to produce H 2 , a carbon-free chemical fuel.
Photoelectrochemical water splitting is an attractive approach to produce H 2 , a carbon-free chemical fuel. 1, 2 In photoelectrochemical water splitting cells, the water oxidation half reaction takes place at a semiconducting photoanode and the hydrogen evolution half reaction takes place at either a semiconducting photocathode or a metallic cathode. A major challenge in the field is to develop photoanode materials that can drive the 4-electron, 4-proton water oxidation reaction at a high rate and with a low overpotential. 3 However, one factor that limits materials development is that the surface-catalyzed water oxidation reaction mechanism is not entirely understood.
The water oxidation reaction is a multi-step process that involves several reaction intermediates. Several groups have studied the reaction kinetics using photoelectrochemical photocurrent measurements under steady-state, [4] [5] [6] [7] [8] chopped-light, [9] [10] [11] [12] [13] [14] [15] and intensity modulated [16] [17] [18] [19] [20] illumination conditions. These studies have shown that the photocurrent due to water oxidation depends on the semiconductor material, pH, light intensity, applied electrochemical potential, and components in the electrolyte. However, for steady-state and chopped light photocurrent measurements, the overall cell current comprises many underlying rate processes, such as charge carrier generation, recombination, and transport in the semiconductor and multiple types of interfacial charge transfer reactions. Intensity modulated photocurrent spectroscopy techniques have been used to extract rate constants for interfacial charge transfer (k tr ) and surface recombination (k rec ) during the water oxidation reaction. 16, 21 However, k tr and k rec are typically functions of the rate constants for the underlying elementary steps in the water oxidation reaction, such as the first interfacial hole transfer step to a surface adsorbed water molecule. Thus, it is challenging to distinguish multiple reaction intermediates from the photoelectrochemical current signal alone.
On the other hand, operando spectroscopies such as electron paramagnetic resonance, [22] [23] [24] [25] [26] [27] photoluminescence, [28] [29] [30] transient optical spectroscopy, 9, 31 electrolyte reflectance, 32 and infrared z E-mail: jsambur@colostate.edu; pc252@cornell.edu spectroscopy [33] [34] [35] [36] [37] [38] can measure directly key reaction intermediates in the catalytic cycle under working photoelectrochemical conditions. For example, Cuk and co-workers reported that the one-electron reaction intermediate in the water oxidation cycle on n-SrTiO 3 is a surface adsorbed oxyl radical species Ti-O
• , 37 where the unpaired electron is delocalized over the covalent Ti-O bond, rather than the conventional description of a surface adsorbed OH
• species, where the unpaired electron is localized on the oxygen atom. Hamann and co-workers showed that the first one-electron reaction intermediate in the water oxidation cycle on Fe 2 O 3 photoanodes involves the formation of an iron-oxo group, where the hole is localized on the metal (changing its oxidation state) rather than the oxygen. 33 A recent review by Cuk and co-workers provides the technical details regarding different spectroscopic approaches to directly measure surface intermediates involved in the water oxidation reaction at semiconductor surfaces. 39 Despite the aforementioned advances in measuring one-electron surface reaction intermediates, it is often unclear how the semiconductor/electrolyte interface, including all its surface reactive intermediates, evolves from a dark equilibrium condition to a light equilibrium condition, and vice versa, and how these dynamics correlate to the net rate of water oxidation, which is manifested by the photocurrent. Obtaining this knowledge is important because solar water splitting cells undergo fluctuations in illumination conditions such as day and night cycles and intermittent cloud coverage. It has been shown that the photocurrent-time response of bulk single-crystal SrTiO 3 and TiO 2 semiconductor crystals stabilizes after tens of seconds following the onset of illumination, but the exact temporal behaviors of the photocurrent depend greatly on the applied potential to the semiconductor. 12, 40 Salvador analyzed the photocurrent-time response using a mechanistic model that involves three interfacial charge transfer reactions and two surface recombination reactions. 41 In their approach, the time-dependent surface concentrations of reaction intermediate species are simulated and used to calculate the net photocurrent-time response. However, not all rate constants for the individual reactions steps could be evaluated. Moreover, the authors were unable to compare the time-dependent surface concentrations of H3287 reaction intermediates to the time-dependent photocurrent in order to validate the absolute magnitudes of the rate constants.
Here we use a correlated real-time single-molecule reaction imaging and photocurrent measurement approach to study water oxidation kinetics on rutile TiO 2 nanorod photoanodes. We chose to study TiO 2 nanorods because their nanoscale dimensions minimize charge carrier transport distances in the semiconductor and their water oxidation kinetics have been studied at the bulk level. Using this approach, we measured the time-dependent surface concentration of Ti-OH
• species ([(Ti-OH
• ) s ]) via fluorescence microscopy under chopped light illumination conditions and as a function of applied potential. At the same time, we measured the water oxidation rate via the photoelectrochemical photocurrent signal (i). The reaction imaging approach is based on measuring the photoelectrocatalytic oxidation rate of non-fluorescent amplex red (AR) probe molecules to highly fluorescent resorufin product molecules via single-molecule fluorescence microscopy. 42 We previously showed that the scaling relations of the photoelectrocatalytic AR oxidation rate with light intensity and applied electrochemical potential are predicted by the so-called indirect oxidation mechanism, where AR molecules are oxidized by Ti-OH
• species, rather than valence band holes. 43 Thus, by measuring [(Ti-OH • ) s ](t) and i(t) versus applied potential under chopped light illumination conditions, we followed the evolution of the system from a dark equilibrium condition, to a light equilibrium condition, and back to a dark equilibrium condition. We then developed a mechanistic model to simulate both the [(Ti-OH
• ) s ](t) and i(t) data to ultimately extract the rate constants for 1) interfacial hole transfer to surface adsorbed OH − , 2) hydrogen peroxide formation from two (Ti-OH
• ) s species, and 3) surface recombination of electrons with (Ti-OH
• ) s and H 2 O 2 intermediate species.
Experimental
Nanorod synthesis.-Rutile TiO 2 nanorods were synthesized via a molten-flux salt method following Liu et al. 44 and the procedure was described in detail in our previous work. 42 Briefly, a mixture of 250 mg P25 TiO 2 nanoparticles (Acros Organics), 1 g NaCl (Aldrich) and 250 mg Na 2 HPO 4 (Aldrich) were first ground to a fine powder, which was then transferred to a crucible and annealed in a box furnace (ThermoScientific) at 825°C for 12 hr. After cooling to room temperature, the reaction product was washed 5 times with boiling 0.1 M hydrochloric acid to dissolve residual salts (presumably from NaCl and Na 2 HPO 4 precursors 45 ). The nanorods were dispersed in a 4:1 (by volume) ethanol to H 2 O (all water used was nanopure H 2 O, unless specified otherwise). Detailed structural characterization of the TiO 2 nanorods are provided in the supplementary information of Reference 42.
Photocurrent transient measurements.-The detailed design of the photoelectrochemical flow cell reactor and experimental setup was described previously. 42 Figure S1 shows a photograph of the microfluidic electrochemical cell. The working electrode was an ITO electrode on which 300 μL of a ∼1 mg mL −1 nanorod solution was spin casted at 750 rpm to have a sparse coating of the nanorods. The nanorod-ITO electrode was rinsed with H 2 O and annealed in air at 450°C for 30 min prior to use. The cell was mounted on the stage of an Olympus IX71 microscope and connected to a CH Instruments 1200A potentiostat. A pH 8.3, 100 mM sodium borate electrolyte solution containing 50 nM amplex red was continuously flowed through the photoelectrochemical cell at 50 μL min −1 flow rate. The nanorod-coated ITO working electrode was excited with a continuous wave, circularly polarized 375 nm laser (26.3 W cm −2 , CrystaLaser DL-375-020) using a prism-type total internal reflection (TIR) illumination geometry with an illumination area of ∼80 × 95 μm 2 . The 375 nm laser was continually chopped at 10 mHz 50% duty cycle. We estimate that approximately 1,000 nanorods were excited within the illumination area. 42 The fluorescence was collected by a 60× NA1.2 waterimmersion objective (Olympus UPLSAPO60XW), filtered by a band pass filter (HQ580m60, Chroma), and detected by a back-illuminated ANDOR iXon EMCCD camera (DU897D-CS0-#BV) operated at a 15 ms frame rate. A 1.6× magnification changer was used to magnify the image 96× overall. The final image pixel size was 166.7 nm × 166.7 nm. Following imaging experiments, the flow cell was disassembled and scanning electron microscopy (SEM, LEO 1550) imaging of the sample was performed at the Cornell Center for Materials Research (CCMR).
Fluorescence image processing and single molecule data analysis.-Fluorescence image processing and detailed data analysis methods were described in detail in our earlier studies. 42, 43 Fluorescence images were background subtracted according to Chen et al. 46 and all fluorescent bursts whose pixel intensity values were greater than the image mean pixel intensity plus 6 standard deviations were considered as potential candidate molecules. Each candidate was fitted with a two-dimensional (2D) Gaussian point spread function. The centroid position from the Gaussian fit was quantitatively overlaid onto the SEM image of the sample using a procedure described in our previous publications. 42, 47 The width and integrated intensity of each fit were analyzed and used to quantitatively count single and multiple product molecules formed within the same diffraction-limited area. We developed an algorithm 42 that considers and corrects for: 1) single molecules that appear in consecutive frames (i.e., product staying adsorbed over multiple image frames), 2) multiple molecules that appear simultaneously within a diffraction-limited area, and 3) single product molecules that diffuse on the surface during a single image frame, which is less than ∼7% of the detected molecules. 42 We included single and multiple product molecules to calculate the product formation rate of isolated individual nanorods. However, only those candidates whose fit widths and intensities were consistent with those of single product molecules were included in constructing the super-resolution reaction images. The sample drift was monitored in a frame-by-frame fashion by fitting the emission from individual 100 nm Au nanoparticle fluorescent markers adsorbed on the ITO electrode; the positions of products were subsequently corrected for in a frame-by-frame fashion.
The photocurrent and single-molecule data were measured during 21 consecutive light on/light off cycles. The Supplementary Information provides detailed data analysis procedures on how the data from 21 cycles was indexed to a common relative time axis and averaged to generate a single cycle-averaged photocurrent versus time and single molecule reaction rate versus time responses.
Results and Discussion
Observation of dissimilar temporal behaviors of surface reaction intermediate and photocurrent dynamics.-We used a singlemolecule photoelectrochemical reaction imaging approach to monitor the temporal evolutions of surface intermediate species and the overall water oxidation kinetics. Figure 1a shows the experimental setup, where a TiO 2 nanorod-coated ITO electrode was assembled into a 3-electrode microfluidic photoelectrochemical cell and mounted on the stage of an inverted optical microscope. A pH 8.3 borate buffer containing 50 nM of the probe molecule (amplex red, AR) was continuously flowed through the cell during all measurements. Upon illumination of the TiO 2 nanorod-coated working electrode with a 375 nm laser in a total internal reflection (TIR) geometry, an anodic current (i.e., a photocurrent) due to water oxidation flowed through the external circuit. Based on the nanorod coating density measured from SEM, there are approximately 1,000 TiO 2 nanoparticles in the ∼80 × 95 μm 2 illumination area that contribute to the measured photocurrent. At the same time, non-fluorescent AR molecules that adsorb onto TiO 2 nanoparticle surfaces can be oxidized to highly fluorescent resorufin product molecules; these reactions do not contribute significantly to the total current. 42 A 532 nm laser in the same TIR geometry was used to excite the resorufin product molecules as they formed on nanorod surfaces. Product molecule fluorescence signal was collected by a microscope objective and imaged on an EM-CCD camera. The 532 nm laser does not induce either the fluorogenic reaction or anodic photocurrents because the photon energy is insufficient to excite across the TiO 2 bandgap. 42, 43 We previously showed that the amplex red molecule reacts with Ti-OH
• species instead of the photogenerated valence band holes. 43 We note that in this experiment the surface reaction intermediates were imaged at the single/sub-particle level whereas the photocurrent response was measured from approximately 1,000 TiO 2 nanoparticles in the illumination area.
To study how surface reaction intermediates and the photocurrent evolve temporally, we chopped the 375 nm laser illumination at low frequency and measured the amplex red oxidation rate and the photocurrent in both the light and dark periods. We tracked the surface reaction intermediates and the photocurrent response when the TiO 2 nanorods transitioned from a dark equilibrium state to a light equilibrium state and back. Figure 1b shows the illumination and imaging sequences for single-molecule reaction imaging. The 375 nm laser was chopped continually to have 50-50 s on-off periods while the 532 nm laser continuously illuminated the sample. The EM-CCD camera was continuously operated at 15 ms frame time (i.e., 66 Hz frame rate) to detect the product molecule resorufin throughout the light on and light off periods. Individual product molecules appeared as bright spots amongst a dark background in fluorescence images. Product molecule positions were determined in each frame by fitting their 2D intensity profile with a 2D Gaussian point spread function, yielding the molecule's centroid with about ∼30 nm localization precision. Figure 1c shows the results from a typical single-molecule superresolution fluorescence microscopy imaging experiment, where all product molecule positions are overlaid onto the SEM image of the TiO 2 -nanorod coated ITO electrode. There are both isolated and aggregated nanorods on the ITO electrode. The products always appear inhomogeneous spatially on isolated or agglomerated nanorods, with some nanorods exhibiting more delocalized product molecule distributions over the entire nanorod while others exhibiting localized hot spots within a single particle, as we reported previously. 42 Here we quantified the product molecule formation rate from isolated nanorods, for which there is no need to consider the effect of particle-particle interfaces in quantifying the surface reaction kinetics.
Having identified the spatial positions of all product molecules formed on isolated TiO 2 nanorods, we then analyzed the temporal sequence of all product molecules formed on 49 isolated nanorods during 21 chopped light illumination cycles. Figure 1d shows a representative trajectory of the number of product molecules formed versus time. In a single light on period (Figure 1d bottom) , the frequency of product molecules increases over time during the 375 nm laser illumination period. Upon interrupting the illumination (i.e., the dark period), the number of product molecules detected expectedly decreases. Interestingly, product molecules are detected even after tens of seconds into the dark period, indicating that the Ti-OH
• species with which the probe molecule reacts are long-lived on the TiO 2 nanorod surface. This observation is consistent with reported cyclic voltammetry measurements that showed long-lived photogenerated reaction intermediates on bulk TiO 2 29 and Fe 2 O 3 48 photoelectrode surfaces during water electrolysis. To gain a better understanding of product formation as a function of illumination time and applied potential, we averaged the data from 21 light chopping cycles and plotted the results at each applied potential in Figure 2 .
The results in Figure 2 indicate that the surface reaction intermediate dynamics follow different time scales in its temporal evolution under chopped light illumination from the overall water oxidation rate dynamics. Upon illumination of the sample at +200 mV applied potential, there is a slow rise in the number of product molecules detected but an instantaneous rise in the current (Figures 2a-2b ). Similarly, when the light is turned off, the single-molecule data decays on a longer time scale whereas the photocurrent instantly decreases. These two trends are qualitatively similar to a recent report by Durrant and co-workers that demonstrated the rise time of TiO 2 surface holes is much slower than the net rate of hole transfer to the aqueous electrolyte (i.e., the photocurrent). 9 When the potential is stepped to more negative potentials, the total number of product molecules decreases expectedly over the 50 s time period. More important, three behaviors are clear in the photocurrent data: (1) there is an initial spike followed by a transient decay in the anodic photocurrent upon turning on light, before the current reaches a steady state value (e.g. Figure 2f ); (2) the magnitude of the steady state photocurrent at 50 s decreases compared with that at more positive potentials, as expected (e.g., Figures 2b vs. 2h); and (3) a cathodic current transient appears when the light is turned off (e.g. Figure 2j ). The cathodic photocurrent transient appears because photogenerated electrons recombine with photogenerated surface intermediates, such as chemisorbed intermediates that can accept electrons (e.g., OH
• , H 2 O 2 ), leading to a cathodic photocurrent spike that decays while the photogenerated electrons and/or the surface intermediates are depleted. 10, 12 In summary, the single-molecule reaction imaging data report on the surface intermediate concentration as a function of illumination time, while the photoelectrochemical current data report on the net rate of water oxidation; the time-evolutions of these signals show different time scales. Below we adapt a kinetic model to quantitatively describe these time-dependent behaviors and determine the rate constants for molecular-level processes involved in water oxidation and their dependences on the applied electrochemical potential.
Mechanistic model to analyze surface reaction intermediate and photocurrent dynamics.-Here we describe a mechanistic model to quantify both the photoelectrocatalytic oxidation kinetics of the probe Here we extend the steady-state model to analyze the time-dependent amplex red photoelectrocatalytic oxidation rate at fixed applied potentials, as well as the corresponding electrochemical current, when the excitation light for charge-carrier generation is turned on or off. The major reactions and their rate equations are listed in Table I .
The first step in the model is the photo-excitation of the semiconductor to produce holes in the semiconductor bulk ((h + ) b → (h + ) s in Table I ). For semiconducting materials with a short hole diffusion length (10-30 nm for rutile TiO 2 nanorods 51, 52 ), the hole transport rate from the semiconductor interior to the surface is proportional to the number of absorbed photons within the depletion region of the semiconductor (W), as we described in detail in our previous study, 43 and is given by Eq. 4. Here the rate of hole transport to the surface is proportional to the incident laser power I 0 (s −1 particle −1 ), the absorption coefficient α of TiO 2 at 375 nm (α = 10 4 cm −1 ), 53 and the depletion 55, 56 Thus, for simplicity and clarity, we assume that the first interfacial hole transfer step proceeds via Eq. 1 with a rate constant k 1 (given as Eq. 5 in Table I ). The units of the intermediate species concentration are molecules/particle and the units of the rate constant k 1 for the interfacial hole transfer are particle s −1 . We did not consider the fully deprotonated surface condition, Ti- Step Reaction Rate law step is rate-limiting so that the formation rate of O 2 is first order with respect to surface holes. We further consider a limited number of charge carrier recombination and surface reaction processes that decrease the overall water oxidation rate (Table II) . Eq. 8 and Eq. 9 represent two surface recombination reactions, where electrons react with surface reaction intermediates instead of being collected by the ITO electrode. Following Salvador, we assume that the rate constant for interfacial electron transfer (k 3 
, where V NR is the nanorod volume and V t is the thermal voltage (0.0258 V at 300 K). We assume that the photogenerated electron concentration does not contribute significantly to the total surface electron concentration. This assumption is validated by the fact that the dark electron concentration is 10 9 cm -3 whereas the photogenerated electron concentration is only 10 6 cm -3 , i.e., 1000 times smaller for E-E FB = (-0.1 V) -(-0.6 V) = 0.5 V, corresponding to an applied potential where a significant cathodic transient response is observed due to electron transfer to surface adsorbed intermediates. Aside from the surface recombination reactions (Eq. 8 and Eq. 9), we also consider that the reaction intermediate (H 2 O 2 ) s can desorb from the TiO 2 surface with a rate constant k D (s -1 ). The justification for including this desorption process will be described below. The relevance of this desorption step is supported by rotating ring disk electrochemical measurements. 58 According to Eq. 4-Eq. 7 in Table I and Eq. 8-Eq. 10 in Table II 
Then we apply the condition: [14] where [ * ] is the total number of surface sites per particle. There are 5 sites/nm 2 on the basis of reports by Salvador and coworkers, 12, 41 and we multiply by the electrochemically active surface area to get 3,337,433 sites per particle. We solve for the surface OH -concentration to eliminate a variable. [15] which gives the following equations for holes and [(OH
We previously showed that the fluorogenic probe molecule AR is oxidized by (OH • ) s species. 43 Thus, the amplex red oxidation rate (v AR ), which is measured experimentally as the number of resorufin product molecules (P) per second per particle (d[P]/dt), is given by
where the rate constant for AR oxidation to P is k AR . We define k AR ' = k AR [(AR) s ] because the bulk concentration of AR is held constant in these experiments. AR oxidation to P is overall a 2-hole oxidation process. We assume that the two-hole oxidation reactions occur sequentially, and the first oxidation step is rate limiting, and thus the formation of P is first order with respect to [(OH • ) s ] and the net reaction consumes two (OH • ) s . Following Salvador's kinetic model for water oxidation on bulk rutile TiO 2 electrodes, 12, 41 we calculate the photocurrent-time i(t) response in the light on and off periods as follows [19] where i init is the initial anodic photocurrent spike given by [20] where q is the elementary charge and G is the Gartner expression in Eq. 4. We note that i is in units of pA/particle, where the measured current from the entire TiO 2 -coated worked electrode was divided by 1,000 particles per illumination area. The time-dependent cathodic current is given by
where (e -) s is the surface electron concentration defined earlier in the manuscript text. The change in anodic photocurrent under illumination is given by [22] and is induced by a change in the potential drop in the semiconductor versus time, (E−E FB )(t), which results from the accumulation of positive charge ( Q(t)), 12 according to the following expression
where C H * = C H * A NR and C H is the Helmholtz layer capacitance (20 μF/cm 2 ) and A NR is the electrochemically active surface area of the nanorod. 12 Substituting Eq. 23 into Eq. 22 gives
Quantitative analysis procedures of single-molecule reaction and photocurrent transient data.-We used the mechanistic model described in Mechanistic Model to Analyze Surface Reaction Intermediate and Photocurrent Dynamics section to simulate the time-dependent surface concentrations of intermediate species (i.e., the experimentally measured amplex red oxidation rate) and the photocurrent versus time response. Because the mechanistic model does not distinguish between the light on and light off conditions (other than the light intensity being non-zero or zero), we initially attempted to fit the single-molecule reaction and photocurrent transient data at each potential and across both the light on and off periods (i.e., the data in the light period was not fit separately from the data in the dark period). To do so, we first solved the set of time-dependent coupled differential equations by integrating Eq. 16, Eq. 17, and Eq. 13 using the ODE23s solver in MATLAB. The initial conditions for the intermediate species ' , and k D were determined at each applied potential by minimizing the mean squared error between the data and the simulation (i.e., fit) for both the light on and light off periods. Figure S4 shows representative fit results using this fitting procedure. While there was good agreement between the simulation and the data at long illumination times, there was poor agreement between the simulation and data at early times (e.g., 10 seconds 59 To constrain the number of floating parameters in the model, we fixed k D (0.1 s −1 ) and k AR (10 −7 particle s −1 ) that were determined from the fit procedure described above. The rate constant for (H 2 O 2 ) s dissociation k D was chosen as a fixed parameter because it is likely light-and potential-independent and is expected to depend more on the molecule-surface interaction, which does not change across light and potential conditions. The rate constant k AR ' was also chosen as a fixed parameter because we assume that (OH We further relaxed the simulation procedure by fitting the data in the light on period separately from the data in the light off period (i.e., we allowed k 1 , k 2 , k 3 , to differ between light on and light off periods, besides differing between the different applied potentials).
Quantification of the rate constants for individual reaction steps in the water oxidation reaction.-We fit the single-molecule reaction and photocurrent dynamics data in the light on and light off periods according to the procedure described in Quantitative Analysis Procedures of Single-Molecule Reaction and Photocurrent Transient Data section, which yielded k 1 , k 2 , k 3 , in the light on and off periods as a function of applied potential. Figure 3a shows the potential dependence of the rate constant for interfacial hole transfer to either surface adsorbed (OH − ) s or (H 2 O 2 ) s (see Eq. 5 and Eq. 7). The rate constant k 1 decreases with increasingly negative potentials under illumination but is potential-independent in the dark. At positive potentials (e.g., 0.1 -0.2 V), the differences in k 1 with or without illumination are small. Our observations are qualitatively consistent with a study by Durrant and co-workers who reported that the reactivity of surface holes is likely different in the light from that in the dark. 9 We also note that Cuk and co-workers reported that the logarithm of the rate constant for hole transfer to surface adsorbed OH − increased linearly with positive potential for SrTiO 3 , 31 which is generally consistent with the trend for k 1 under illumination in Figure 3a . In their work, the exponential dependence of the rate constant on the applied potential was attributed to a potential-dependent surface hole potential that arises from so-called unpinning of the valence band edge of SrTiO 3 under illumination. This possibility was not considered in our kinetic model because we previously showed that the applied potential to the TiO 2 nanorods for E ≥ -0.3 V is dominantly manifested as a potential drop across the depletion region, 42, 43 and not across the Helmholtz layer at the semiconductor/electrolyte interface. One possible explanation for k 1 decreasing with increasingly negative potentials under illumination is due to the presence of surface states at the semiconductor/electrolyte interface (schematically shown in Scheme 1), which have not been included in the kinetic model. Scheme 1a shows that at more negative potentials (E < 0 V), the Fermi level of the semiconductor E F could be more negative than the energy level position of surface states E ss , or energy states located inside the semiconductor bandgap that arise from the unsaturated bonds of surface atoms. At negative potentials, these surface states are populated with electrons. Under illumination, electrons in surface states can be photo-excited to the conduction band, 60 thereby producing photogenerated holes in the surface states. These holes could react with surface hydroxide or water if E ss is more positive on the electrochemical scale than the water oxidation potential. The 375 nm laser used in our experiments could excite electrons in surface states that are located toward the valence band energy in these TiO 2 nanorods, thereby producing oxidizing holes in surface states. It is possible that the rate constant for interfacial hole transfer from surface states is different (i.e., lower) from hole transfer from the valence band. This process becomes more prominent at increasingly negative potentials as the surface state electron population increases, and therefore the photogenerated hole population in the surface states also increases. Ferrer Scheme 1. Energy diagram of the TiO 2 /electrolyte interface at different applied potentials. (a) At more negative potentials (the applied potential E< 0 V vs Ag/AgCl for these TiO 2 nanorods), the Fermi level of the semiconductor (E F ) is more negative than the energy level of surface states (E ss ), which are (partially) filled with electrons (black shaded region). These electrons can be photo-excited with light, producing conduction band electrons and surface state holes. These holes could react with surface hydroxide or water to produce OH • . (b) At more positive potentials (E ≥ 0 V), E F is more positive than E ss and there are no electrons in the surface states, and therefore no possibility to form photogenerated holes in surface states that contribute to OH • formation. et al. showed the presence of such surface states using electrolyte electroreflectance measurements of bulk TiO 2 photoanodes. 61 Thus, the reactivity difference between surface state holes and valence band holes could account for the lower k 1 under illumination.
We now discuss why k 1 values in the dark period are potentialindependent and approximately equivalent to those in the light period at positive potentials. If k 1 in the dark period is dominantly due to photogenerated holes in surface states that are left over from the preceding light on period, then a potential-dependent k 1 would be expected because the electron concentration in surface states decreases at positive potentials (Scheme 1b), and therefore the photogenerated hole population in the surface states also decreases. Since we observe k 1 is independent of potential in the dark period, then it is plausible that hole transfer from surface states does not impact the rate constant for interfacial hole transfer in the dark. In this scenario, photogenerated electrons from the preceding light on period would recombine with surface state holes rapidly upon turning off light before these surface holes could react with surface adsorbed OH − or H 2 O 2 species. This hypothesis could also explain why k 1 is similar in the light on and off periods at positive potentials, where surface states are not populated with electrons.
Here we discuss why the rate constant k 2 for H 2 O 2 formation decreases at negative potentials under illumination (Figure 3b) . One possible explanation is that there are different Ti-OH
• species on the nanorod surface at increasingly negative potentials. Cuk and co-workers studied photoelectrochemical water oxidation on SrTiO 3 single crystals and reported that Ti-O
• -Ti bridge radicals populate the surface in a ∼2:1 ratio over Ti-O
• oxyl radicals at positive potentials. 38 Thus, the rate constant for Ti-O • oxyl radical coupling to form Ti-O-O-Ti could depend on the chemical nature of the surface radical species, and the surface concentration of these species are potential-dependent. The radical species can protonate/de-protonate according to Eq. 2. Interestingly, k 1 and k 2 show similar potential dependences under illumination. Mechanistically, these two parameters are not necessarily coupled, and the observed coupling here is not an artifact of our fitting procedures ( Figure S5 ).
Finally, we discuss the rate constant for recombination (k 3 ). In principle, the rate constant for recombination should be independent of E while the recombination rate increases with negative potential because [(e − ) s ] increases exponentially as E approaches E FB (see Eq. 8 and Eq. 9). 21 Figure 3c shows that k 3 increases with increasingly anodic potentials under light conditions. The increase in k 3 with increasingly anodic potentials under illumination conditions could be explained as follows. We assumed that the photogenerated electron concentration does not contribute significantly to the total surface electron concentration due to the exponential decrease in [(e − ) s ] with positive potential. Since [(e − ) s ] is small at anodic potentials, it is possible that the photogenerated electron concentration becomes more significant with increasingly positive potentials. Thus, it is possible that we underestimate [(e − ) s ] and therefore overestimate k 3 at increasingly anodic potentials, thereby leading to the trend in Figure 3c (blue data points) . Although the data in Figure 3c might also suggest that k 3 increases with positive applied potentials under dark conditions, the values we extracted here for dark conditions actually have large error bars and the data points are the same within those error bars. Therefore, within our data confidence, it is unclear whether k 3 under dark conditions shows a potential dependence. However, we can estimate an upper bound for k 3 under dark conditions being 1000 particle s -1 .
Conclusions
We used single-molecule fluorescence microscopy and photocurrent versus time data to probe the surface concentration of Ti-OH
• species and the water oxidation kinetics during chopped light illumination cycles. The two signals exhibit temporal evolutions on very different time scales. By fitting the Ti-OH
• species and photocurrent versus time data over a range of light on and off conditions, as well as applied potentials, we observed that the rate constants for the underlying steps in water oxidation may or may not differ during light on-off conditions depending on the potential, which could be connected to the presence of energy levels inside the TiO 2 bandgap (so-called surface states) or the different chemical nature of the Ti-OH
• radical species under working conditions. These data provide insight into water oxidation kinetics on a photoanode under intermittent solar irradiation conditions, where the water splitting cell undergoes frequent transitions from a dark equilibrium to a light equilibrium condition and vice versa.
